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RESEARCH FINDINGS 

This project investigated the behavior of large tent-like structures supported by 
pressurized arch-shaped tubes. These structures are to be used by the U.S. Army as 
temporary maintenance shelters for helicopters and airplanes. Similar structures exist, but 
they are much smaller than those required for this purpose. The aim is to develop a 
structure that can be separated into lightweight modules which would be easy to transport, 
deploy, and disassemble. 



One part of the research program involved a study of leaning arches and shells. 
Some of the small Army shelters utilize a pair of arch-tubes that lean against each other at 
the top. This configuration also may be efficient for the framework of the larger structures 
being envisaged. The effect of various types of loads on such a structural element was 
analyzed for solid arches and for arch-tubes modeled as shells. It was found that these 
structural configurations can be designed to be very stable against snow and wind loads. 

The behavior of a single arch-tube modeled as a shell was analyzed. Under internal 
pressure, it was assumed that the cross section was circular and that only in-plane 
(membrane) stresses were present. An analytical solution for the corresponding initial 
stresses was obtained for an arbitrary arch centerline shape. Then external loads were 
applied, and the additional stress resultants included bending and twisting moments. The 
linear thin-shell theory of Sanders was used to formulate the governing equations, including 
the initial membrane stresses. The material was linearly elastic, nonhomogeneous, and 
orthotropic. Approximate solutions were obtained with the Rayleigh-Ritz method. In the 
examples, the centerline of the arch was a semi-circle, the ends were fixed, and the material 
was homogeneous and isotropic. Four loads were treated: a symmetric ("full") snow load, 
an asymmmetric ("half) snow load, a wind load symmetric with respect to the plane of the 
arch centerline, and a distributed load acting sideways. The resulting deflections were 
computed and plotted. A computer program for analysis of arch-tubes was given to 
personnel at the U.S. Army Natick Research, Development and Engineering Center in 
Massachusetts. 

The large deformations of an arch-tube were analyzed numerically using the finite 
element method with a three-node, flat, triangular element obtained by combining the 
Discrete Kirchhoff Theory plate bending element and a membrane element similar to the 
Allman element. The follower effects of the pressure load were included in the formulation. 
The dynamic analysis capability of the triangular flat shell element was extended to include 
thermo-viscoelasticity. Linear viscoelastic materials were modeled, resulting in the 
relaxation moduli being expressed as Prony series. Time-temperature superposition was 
incorporated to model thermo-rheologically simple materials, for which a change in 
temperature results in a simple horizontal shifting of the relaxation moduli curves on a log 
time scale. Hygrothermal loads also were included in the formulation. The results were 
compared with those obtained using the commercial software package ABAQUS. Then the 
numerical analysis technique was extended to model the entire tent, i.e., to include a number 
of arch-tubes and the tent fabric (or skin). At the ends of the tent are a couple of individual 
leaning arch-tubes, which can be raised to allow a helicopter or airplane to enter or leave the 
shelter. 

Two physical models of the tent were constructed. The dimensions were based on 
a hangar that has a base of 23 m (75 ft), a height of 15 m (50 ft), and a length of 61 m (200 
ft). The scale ratios were 1:50 and 1:100. Each model was placed in a wind tunnel and 
tested under a range of wind speeds and at several orientations. Large motions occurred 
when the axis of the structure was perpendicular to the wind direction. Then the models 
were tested under simulated snow loads until they failed. Deflections were measured 
during the loading process. The mode of failure depended on the flexibility of the arches. 



The material failed when the arches were stiff, whereas the top of the structure inverted 
when the arches were flexible and the load reached a critical value. 

Optimization of the arches with respect to snow and wind loads has been examined. 
For the shelters, the supporting arches can be manufactured to have almost any desired form 
(e.g., parabolic or circular), and the optimal form under specified design loading conditions 
has been determined. 

This research grant was carried out in collaboration with the U.S. Army Natick 
Research, Development and Engineering Center in Massachusetts. Initial contact was with 
Karen Horak of the Soft Shelters Branch of the Tent Development Team, and continued 
with Jean Hampel after Ms. Horak left Natick. Professor Plaut visited Natick each of the 
last four years, and also discussed the project there with Earl Steeves, Arthur Claridge, Tom 
Godfry, Susan Woodmansee, and two employees of Foster-Miller, Inc. (Paul Chambers and 
Bob Kardemas). In addition, there was communication with Cheryl Hesselink Stewardson 
of Natick regarding the material used for these structures. 

The status of this project was presented at the 1997 AFOSR/ARO Structural 
Mechanics Workshop in Myrtle Beach, South Carolina, in September, and by Professor 
Kapania at the 1997 Spring Meeting of the Virginia Consortium of Engineering and Science 
Universities (VCES) in Hampton. Also, Professor Plaut attended a forum on Inflatable 
Structures in Space, held in Houston, Texas, in December, 1996, at which Jean Hampel 
made a presentation along with representatives from companies that work with Natick on 
the development of the shelters (Vertigo, FTL/Happold, Fiber Innovations, and Federal 
Fabrics-Fibers). 


